Abstract. High-grade glioma is incurable and is associated with a short survival time and a poor prognosis. There are two forms of brain-derived neurotrophic factor (BDNF), proBDNF and mature BDNF, which exert opposite effects. Their diverse actions are mediated through two different transmembrane receptor signalling systems: p75NTR and TrkB. The important roles of the BDNF/TrkB signalling system in tumour cell proliferation and survival have been demonstrated. However, few studies have been able to distinguish mature BDNF from proBDNF due to the limitation of specific antibodies. Using specific proBDNF antibodies, we demonstrated that the proBDNF/p75NTR pathway appears to inhibit malignant glioma cell growth and migration. In the present study using specific mature BDNF antibodies, we found that mature BDNF inhibited C6 glioma cell apoptosis and increased cell growth and migration in vitro. Our data suggest that the counterbalance between mature BDNF and proBDNF may regulate tumour growth.
Introduction
Brain-derived neurotrophic factor (BDNF), a member of the neurotrophin family, is known to regulate cell growth, differentiation, migration and apoptosis in the nervous system (1,2). There are two forms of BDNF, a precursor and a mature form, in the central nervous system (CNS) (3) . The precursor of BDNF (proBDNF) is synthesised and subsequently cleaved either intracellularly by prohormone convertases (PCs) and/ or furin, or extracellularly by plasmin and matrix metalloproteases (MMPs) to release the mature homodimeric protein (mature BDNF) (4, 5) . Their diverse actions are mediated through two different transmembrane receptor signalling systems: Trk tyrosine kinase B (TrkB) receptor and p75 neurotrophin receptor (NTR). Mature BDNF activates the high affinity TrkB receptor, promoting cell survival while proBDNF binds to both p75NTR and the co-receptor sortilin with a high affinity, to modulate cell apoptosis (6) (7) (8) .
Increasing evidence suggests that altered signalling through TrkB promotes tumour formation and metastasis. TrkB, in conjunction with its primary ligand BDNF, is often overexpressed in a variety of human cancers, ranging from neuroblastomas to pancreatic ductal adenocarcinomas, where it may allow tumour expansion and contribute to resistance to antitumour agents (9) . Neurotrophin genes were found to be expressed in 24 cell lines derived from human malignant gliomas, and the BDNF gene was most abundantly expressed (10) . Expression of Trk receptors (TrkA, TrkB and TrkC) has been detected in human astrocytomas and promotes tumour growth. Furthermore, activation of the JNK pathway may contribute to progression towards malignancy (11) . Expression of BDNF and TrkB is also observed in human gangliogliomas (12) . However, histological data in previous studies were unable to distinguish mature BDNF from proBDNF due to the lack of specific antibodies. We generated specific antibodies to mature BDNF and proBDNF, respectively. In our recent study, the proBDNF/p75NTR pathway appeared to inhibit malignant glioma cell growth and migration (13) . A recent report also showed that proBDNF suppressed the growth of colorectal cancer cells (14) . Therefore, we postulated that the mature form of BDNF plays a supportive role in the growth and migration of tumour cells. In the present study, specific anti-mature BDNF antibodies were used. We examined the role of mature BDNF in glioma using the C6 glioma cell line in vitro. Western blot analysis was conducted as described in our previous report (13) . In brief, after blocking, the membranes were incubated with sheep anti-mature BDNF (2 µg/ml) and rabbit anti-TrkB (1:1,000; Millipore) at 4˚C overnight. After several washes in TBST, the membranes were incubated with HRP-conjugated secondary antibodies (mouse anti-goat or goat anti-rabbit, 1:1,000; both from Santa Cruz Biotechnology) for 2 h at room temperature. Immunoreactive bands were detected using an enhanced chemiluminescence kit (CWBio Technology).
Materials and methods

C6
Cell viability assay. The cell viability assay was conducted as previously described in detail (13) . Cells were plated and treated with recombinant mature BDNF protein (1, 3, 10 and 30 ng/ml) or anti-mature BDNF (1, 3 and 10 µg/ml) dissolved in serum-free media. The control remained untreated. The treated cells were incubated for 24-48 h. The 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) (Sigma) assays were performed at 0, 24 and 48 h. To minimise the variation among different assays, the data were corrected against the control and were plotted using the optical density of the control wells as 100% survival. The experiments were performed in triplicate and repeated at least three times.
Cell apoptosis assay. C6 cells were plated (15,000/well) in 96-well plates and cultured to 60-70% confluency. On the day of the experiment, the cells were treated and prepared as above in serum-free medium. After 48 h, C6 cells were fixed using 4% paraformaldehyde for 20 min and then stained with DAPI as previously reported (15) . Cell images were collected (at least five fields/well) using a fluorescence microscope (Leica) for each sample. The apoptotic and total number of nuclei were counted. The ratio of apoptotic nuclei was calculated against the total number of nuclei counted. To minimise the variation among different assays, the data were corrected against the control.
Scratch assay. The details of the scratch assay were previously described (13) . Confluent monolayer cells were scratched with a 10-µl pipette tip, washed, photographed (0 h) and treated with recombinant mature BDNF protein (1, 3, 10 and 30 ng/ml) or mature BDNF antibodies (1, 3 and 10 µg/ml). The cells were cultured in serum-free medium for another 24 h and were then photographed at the same position. The relative migration distance was calculated using the following formula: Relative migration distance = (A -B)/A, where A represents the mean width of the cell scratch before treatments and B represents the mean width of the cell scratch after treatments. Results are expressed as the means ± SE.
Cell invasion assay. C6 cell invasion was examined using 24-well Boyden chemotaxis chamber (BD Biosciences) as previously described (13) . Cells (3x10 5 /well) were seeded into the upper compartment individually and incubated in 100 µl serum-free media containing recombinant mature BDNF (1, 3, 10 and 30 ng/ml) or antibodies to mature BDNF (1, 3 and 10 µg/ml), while 750 µl/well of media containing 20% FBS was placed in the bottom wells. Controls remained untreated. After a 24-h incubation at 37˚C in a CO 2 incubator, the cells on the upper surface of the inserts were gently wiped off with a cotton swab. The cells on the lower surface of the inserts were fixed, stained with DAPI and sampled. The data are presented as means ± SE. In additional experiments, the cells on the bottom of the insert were stained with Cresyl violet solution (0.2%) for 15 min. The dye was extracted with 10% acetic acid, and dye levels were directly proportional to the number of cells (16) . The absorbance was measured at 570 nm using an EIA microplate reader.
Statistical analysis. The data of the cell experiments from different groups were analysed by one-way analysis of variance (ANOVA) followed by post-hoc analysis of multiple comparisons. P<0.05 was considered to indicate a statistically significant result.
Results
Expression of mature BDNF and its receptor TrkB in C6 cells.
To examine the effect of mature BDNF, the C6 cell line was used in the present study. Immunostaining and western blots showed the expression of mature BDNF and its main receptor TrkB in C6 cells (Fig. 1) . These results indicate that mature BDNF may activate its receptors by an autocrine mechanism in the behavior of C6 glioma cells.
Mature BDNF promotes C6 cell growth. Next, we investigated whether mature BDNF promotes the growth of glioma cells. As shown in Fig. 2A and C, MTT assays revealed that exogenous mature BDNF significantly increased cell proliferation at a dose of 30 ng/ml. Blocking endogenous mature BDNF by using mature BDNF antibodies inhibited cell proliferation in a dose-dependent manner (Fig. 2B and C) , supporting the specific roles of endogenous mature BDNF signalling in promoting glioma cell growth.
Mature BDNF inhibits apoptosis of C6 cells in vitro.
To support the notion that mature BDNF promotes the growth of glioma cells, we further investigated whether this molecule is involved in protecting against apoptosis. Following the addition of antimature BDNF antibodies (1, 3 and 10 µg/ml) into the cultured C6 cells, the apoptosis of C6 cells was significantly promoted in a dose-dependent manner (Fig. 3A, B and D) . In contrast, apoptosis was significantly decreased in a dose-dependent manner when C6 glioma cells were treated with mature BDNF (1, 3, 10 and 30 ng/ml) in serum-free medium for 48 h (Fig. 3A,  C 
and E).
Mature BDNF increases motility and invasion of C6 glioma cells. Next, we investigated the effect of mature BDNF on motility and invasion by performing a scratch assay and a Boyden chamber assay on glioma cells. The scratch assay showed that the wound closure activity was increased in C6 glioma cells following treatment with mature BDNF. In contrast, anti-mature BDNF antibodies decreased the migratory activity after a 24-h culture (Fig. 4) . Furthermore, the Boyden chamber assay revealed that cell invasion was significantly increased by mature BDNF (30 ng/ml; 28.65±2.69%; P<0.001; Fig. 5 ) and was inhibited by anti-mature BDNF antibodies (10 µg/ml; 47.12±2.11%; P<0.001; Fig. 5 ). Moreover, exogenous BDNF stimulation increased cell invasion in a dose-dependent manner in vitro after 24 h of culture, whereas anti-mature BDNF antibodies decreased the activity in a dose-dependent manner (Fig. 5 ). These data demonstrate that mature BDNF plays a role in promoting motility and invasion of C6 glioma cells.
Discussion
ProBDNF and mature BDNF play opposing roles in neuronal function (6) (7) (8) (17) (18) (19) (20) (21) . Their diverse actions are mediated through two different transmembrane receptor signalling systems: p75NTR and TrkB. ProBDNF is a high-affinity, functional ligand for the pro-apoptotic p75NTR, whereas the proteolytically cleaved mature BDNF is the preferred ligand for TrkB. The important roles of the BDNF/TrkB signalling system in tumour cell proliferation and survival have been demonstrated (22) (23) (24) (25) . Previous studies have demonstrated that TrkB frequently exhibits robust expression in highly invasive tumours (11) and is a key regulator of tumour malignancy (26, 27) . BDNF has also been found to be expressed in a series of tumours, including tumors in the CNS (28) and enhances tumour cell survival and resistance to chemotherapy (29) . However, few studies were able to distinguish mature BDNF from proBDNF due to the limitation of specific antibodies. Recent studies have shown that proBDNF is a potent tumour suppressor (13, 14) . We previously generated specific antibodies to mature BDNF and proBDNF, respectively. Our present study demonstrated that proBDNF negatively regulates the growth and migration of glioma cells through p75NTR (13) .
In the present study, we found that mature BDNF and its receptor TrkB are highly expressed by glioma cells. Using the C6 glioma cell model, we found that exogenous recombinant mature BDNF increased growth and decreased apoptosis. Anti-mature BDNF treatment decreased proliferation and increased the apoptosis of C6 glioma cells in a dose-dependent pattern, indicating the ability of endogenous mature BDNF to promote cell proliferation and survival. BDNF/TrkB signalling is a key pathway which regulates infiltration of malignant tumours (30) . High-grade glioma is notorious for its invasiveness and rapid penetration to normal tissues (31). Our results also indicate that mature BDNF promotes C6 cell infiltration and migration in a dose-dependent manner. These findings suggest that mature BDNF contributes to glioma growth and migration and may be a potential prognostic marker in glioma. Suppression of the mature BDNF/TrkB signalling pathway by either mature BDNF neutralising antibodies or TrkB-receptor antibodies may have therapeutic significance in high-grade glioma.
The ratio of proBDNF to mature BDNF levels was found to be decreased in high grade glioma tissues and was negatively correlated with tumour grade (13) . In the present study, mature BDNF promoted glioma cell growth in vitro. Therefore, it is likely that increased levels of mature BDNF contribute mainly to tumourigenesis, as observed in previous reports. Both proBDNF and mature BDNF are present in gliomas. These findings suggest that the proBDNF-p75-sortilin pathway may be a balancing signal to tumour growth by the mature BDNF-TrkB pathway. The balance between tumour cell survival and death could depend upon the proportions of mature and proBDNF available to cells expressing TrkB and p75NTR.
Given the opposing functions of proBDNF and mature BDNF in glioma, it would be of great interest to study the precise mechanisms controlling the relative expression levels of proBDNF and mature BDNF to limit or amplify distinct neurotrophin activities in the development of glioma.
In conclusion, using C6 cells as a model, we demonstrated that mature BDNF induces tumour cell proliferation and invasion in vitro. Our observations provide the framework for novel therapeutic strategies through targeting mature BDNF/TrkB signalling cascades in glioma.
